
\4Tc r(l]ort (J]) il st,ll(ly 10 d(tcrl)lillc tflc cflicicllcy  of vari(,lls I,llf[tr g,ascs ill ql](]lcllillg tlIc [m],ulalioll

tra])])illg filatcs o f  lawr cxcitd ytterl,iulll io]ls. ‘lIIc iotls wcr(  mlLfilI(d ill all rf/(1( IIyl)rid tral,, arid
tflcir 2S1/2 { } 21’

.
.{/2 tl’allsltlol) was Cxcltcd  Wit,  fl 3+29 ]11[1 ];, s[:y Iigllt. IIl]flcr g,as(’s IIscd  illc]ud( IIz, Nz,

(;02, A~, ilIl(l  1  lC at s(vc~:il (Iiflkwllt l)mssuw rcgil[lcs. \!~c lIavc i(lcl,ti(i((l N~ to I)(’ lligtlly  (flicicllt

ill qllcll(llillg 111(, l)o})ulfitioll of tllc tral)l)illg stat(w, aII(l (Il)us I)(J tllc Illost sllil ii})l C I)llfl’kr  gas  to USC

w’itll yttcrl)illrlt  for tl]c (Icv(’lol)]llrllt o f  a tra])l)c(l io])  ])licrow(lvc fr(q(l(]lcy sla]I(lar(l.

‘J’l Ic 1 7 1  isot(~lw of ytlcrl)illlll is a },alti(lllarly attrac-
tive clloicc  for tl’il])],C(l  i(]ll frcqll(’llcy stall  dalds aJ]l]li-
ciit lolls, ‘1’llis i(~ll IIas a  llllCICill’  sl)ill 1= 1 / 2  and  t h u s  a
sitlll)lc llylwrfil)c lcvc]  st,rllc.lllw w i t h  all Cl]crgy  sl)littillg

of 12.64 (;] lx. ‘1’llc  lower lying cxcitc(l clcd Ionic s t a t e s  o f

singly io]lizc(l  ylkrl)il]ltl arc acwssil)]c frolll tfIc groull(l
s t a t e  wit]) light gcll(~rat.c(l  Ijy fr(qll(l}c.y (lout ~]c(l sc’rl]ic(Jll-

(Iuck)r lilS(>l’S [1 ,2], ‘J’llis is a lmrticularly u s e f u l  feature

o f  tflc yttciljillttl  ion ill collllcctioll” w i t h  tflc (Ifwclol)lllcllt

of ])ra(”tical star I(la Ids.

‘J’11(’ lll:ljo~ oll Stil(”l(” ill tll(’ (l(\J(’l(l]) lll(’tlt of a ft’(qllcllcy

S( ali(lar(l Ims((l o]} 111(1 ytl(,ll)iultl io?l is tllc cxisiellcc o f

lm],lllati(,ll  tral)})i[l~ stal(+, ‘1’11(s(, IIl[tas(alllc  States ]11’(’-

Vcllt tll(’ ion froltl IIlaliillg tf](! (Icwirc(l  CloCli triil)sit.ioll l)JJ

rctaitlillg it ill illl ctIcrg.y  cig(llfitat)c for N til[lr corKw]mll(l-

itig 10 tfl(~ lif’ctilll( of tllc cigc]lstat,  c. ‘1’l)c I)K+WIICC  of low

IyiIlg lllCtilS~al)l(’ ICVCIS ii] tll(’ (l(xlmllic. stl”llctlll’c o f  IIIC’
y(k,rl,iutti  io]l ltas Iw(tl tl)c slll)ject  o f  JIIUOII  stl][ly aIId

co IIccr  II [ 3  8 ] .  SIICII lc)II~  livc(l slaks call  ‘(llal)” tflc cx-
citcd  Iwl)llliitiotl of ions illvolvcd ill tllc o})tical  l)ullll)itl~

o f  tflc (’lock  tr:lllsitioll. ‘I’l Ic (Il)scrvalioll of a ‘(dark” s t a t e

witfl cstittlatcd lif(~tilllc (wc(dillg scvcrfil ( l a y s  h a s  lmvI
;lSSOCiiltC>(] \t, it, fl ])()])lllat, i()]l  tra])l)i)lg ill tfl(’ 4,f1:i6s221{}/~
stat, c [7] aTIcl  h a s  1)(>(~11 exillllill(!(l ill s(~vcl’iIl  illvcstigatiolls

[ 1  , 4 , 5 , 9 ] .  llliiii,l  stl)dics of tllc 1’ stat,( llavc WSIII{C(I itl

Sorllc llllall,sw(~l(x I  qllcstiolls col]ccrllil]g  If)c II}ccllallisltl

for i t s  l)()})lllati()ll; tfl(wc stu(lics lIavc IIOt i(l(lltifid all
cflicicllt s(.l Icl IIc to (1(-c x(itc tll( ions l)ack  to tllc ground

stat. (~, (J]lt il II(IW tflc olll~~ cflt(tivc al)l)roaclI to a v o i d
Iml,ulat,ioll tlil])])ill f!, ill tll( “(lill’k” Ktatc illvolvc(l  usi]l~

a(l(litiollal l a s e r s  to (1(’l)(]))ulaic tflc IIlctastal)lc l)-stlatcs

[ 3  h)!)  1 1],  wllicll arc Iwlicvc(l to lx tfIc il]tcnll(diary

}mtll to tllc cxcitatioll o f  tlIc IP stat(!,

ltJ this }HI]wr w c  (Sxa]tlil](  tllc cflicacy  o f  scvclal dif-

fm!llt I)llfk’1’  ~aws (i])cllldi],g 1 12 , N2,  (~02, IIc, aIId Ar)

itl (I(lc]lcllillg tfl(’ ])()}Jlllilli Oll of t.llc’  “(lill’k” stat(’ ill tll(!
ytt(:rl)il]l[l ion. Nitrog(ll i s  folrlld to I)( (’x(rcltldy cf-

fici(,llt  ilt (I(l(ll(llitlg tll( (la]’]{  stal(’ wit]) illl cstittlat(xl

(Iu(’llcllillg r:it(’ of 3 .78x1  04/s(c/l’a for })KWSIINS 1(WS tfla]l

2.66 x  1 0  ‘11’a. I!)llilc tf[( illflll(llcc of Ilitmg(ll o]] tllc (1(1-
l]l(,tio]t  of” tlic Ix)l)l]lal ion of tl)c “dark” siatc }vill })c IJIC
I)rilllary focus of t h i s  })ill~(l’, Jvc w i l l  a l s o  I)ws(llt results

1 I l)oitlt to a l)(wsil)lc l~atllOl)tilill Nl wit.fl otllcr p,ascw w  Ilc I

for I)ol)ul:itioll tral)})itlp, (Iu( t o  IIl(]lccular fonllatioll Ivitf)

IiISCl’ cxci(cd  io]ls.

IIllfllr <as  stu(lics JYcl(  ])(rfortllcd wiill Ilatllrally al)llll-
dallt ytl( rl)illlll, iiS we l l  a s  Ivitfl isotol]i(:ally cllricll(d yt-

tcrl)iurll  171 ions coilfit[(d ill a  IIyl)li(l li]lcar rf/(lc tral)

[ 1  2]. ‘J’],( isotol>i(i,ll}, c],ri(l,d ytterliu)]) 171 st udy was
],crforIIl(d t o  cxalllillc 111( (fl’cct  o f  collisio]ls” wit]] tlIc

I)llfkr g;ls 011 tfl(’ (’011 (’I’C]I((”  of t  Ilc IIliclx)w’avc  t,yarlsi-

tioll l)ct\vc’cll (f]r IIy])crfillc Icvcls. ‘J’llc  tral) i s  IIollscd
ill a stai]lfms St(’(’l  \’il(”lllll  Il cl]altll)cr  cvacllald to a l)acl{-

p,l’[lulld ] lrcssul”c I)(I()}JT ‘/ x  1 0 - 7  l’ii, 1 12 ,  N2) C;02, IIc,

aII(l Ar \VCK illtro(lu(c(l fr(}lll a  ~tlallifol(l collllcct(d  w i t h

a  IIigll ])rccisio]l sa})l)llirc lmrial)l( lcafi t o  tfIc vacuu]l]
C}lallll)cl

Yttcrl)iul[i io]ls were p)ctlcratc(l  lIy collisioll” o f  collllteI-

l)ml,agal ilig I)car]ls o f  j[t(,rl)iul[l atot[ls fro]ll a talltalllr[l

lul)c, alIIl clcctroIls  fr(JIII :( ]Iot filal(iclit. ‘1’ltr l)ca]~t cli -
mcti(]lls WCIC  l)cl})(rl[li(lll:ll to tllc t]al) a x i s .  l)ulill~ io]l

loadirlg ;I I)acligroull(l  Illlfl’cr g a s  l)r(ssurc of 6 . 7  X 10-4
l ’ s ,  a s  r(ad o]] 111( ion p,allgc, w a s  )Ilail]taitlcd. OJICC a

sllflici(~lll  ly la rge  (’1011(1 of 10]1s \Vil S I()?III(!(I (w 1 0 6) l)Ottl

lflC  C’](!C1 ~011 l) Calll  iill(l tll(’ atoll) llCalll  WrC~(: 1111’ II(T1 ofI’.

Aftc] a  snort rclaxatio]l tilllc tlIc I)rcssure w a s  IWIIICC(I
to ii 6 .7  < 10-  5 l’a iill[l 111( s~($~(ly st~t(, flll(ll’(w(.(ll CC w a s

][irasur(l as ii fl]ltctioll of I)llfkl” gas  ])lvssuw.
‘J’llc  fl Ilol’cs(:(’llc( IIl(:islllclll(llts tvelc  illadc l)y  cxcit -

illg tllc 4./]4(1S)6s2S1/:L < )4.f14(1tS)Gl~21’:{i2 lrallsitioll us-

itlg ~{28.9  11111 I i I S C l ’  ~it(li~iiio]l (Iircck(l aloilg tflc’  tlii])

a x i s  ‘1’IIc fluorcsccllc(  lat( froi[l tflc (Iccay  o f  tflc cx-
(it.c(l 4. f’4(l S)6]~21’:3/2  I(vcI w a s  ]Ilo]litord ])(’r])c~ldicm

Iar to tllc tra]) a x i s , TIIC flllorcscetlc(  was  IIlollitord” f o r

1{() scco]Icl S, follow’ul”  l)j’  l)lockil)g t II(’ lasc~  f’()~ ill lOt 11( ’I’ 3 0

sccoltcls  itltCI’\  Jill; dllri)~p,  tltis titllc tl)(~ l)llflcl, gas  1)1( ’ssllr(’

w a s  IIlalltlally a(ljllstml fl’olll 6.7 x  lo-~ to 1 . 3  x  1 0 - 4

I’a. Af’1~1 this ]~crio(l  lIIC  lits~~  was  uIIIJlockd agait[ all(l

1
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l~l(~.  1 .  Stciuly  s[atc  flII{II(SCCII([ s]w4111111 foI ( a )  IIil N-
K(lI, (1)) }I(,lilllrl,  (() aI~(JII  ((1) caIII(J]I  <Ii(,xi(lc a r i d  (c) lIy(l Iw
g(ll, l“1llOI’(s(’(ll  (’( la(.c  \\,as rc(’ol’(lc(l  [)11 a IIll]l(i( IIilllflcl  Scalcl

\vi(.11  il 110  ]11s(,(’ I)it}  wi(ltll.

(Illorcsc(!llcc vs. titllc w a s  IIl(]llitord for iil IotlIer 30 scc-
o]ld illt(,l’V ill, ‘1’llis l)roc(duw wfis collt)ill(l(d  until t}Ic

flu(wcs(xvlcc rat( was ltl(wsur((l for (ad) of tll( f o l l o w i n g
IIillc I)llf[k$l’ ~ilS])YCSSll  ~(’S((i.7X  10-5,  I .3X  10-4,  2 .7  XI()–4,

6 . 7 x  1 0 - 4, 1 . 3 X  lo- 3, 2.7 x 10-:’, (i.7 x 10-:’, 1.3 x lo-~,

2.7 X 1 ()– 2) I’il. 011( ’(” tll(’  StCilCl~ Stilt(’. flllol’(’SC(’ll  CC lIIC&

SUr(IIICIIl w a s  c(IIIIl)l(:t (:(1 ttlc i(J1ls w e r e  M-loa(l(d, 10 rc-
IIlacr tlIe io]ls 1OS( at v e r y  IIigll l)llffcr ~as  ])rcssurcs, alId

a lll(l.:Is IIr(III (IIt of tll(’  i(~]l l(III]wraturc w a s  ]Icrfontlc(l
l)} s(atl]litl~ tll(’ las(l’ 4 0  (;IIZ :1( il lat[’ of 7,63( ;ll Z/s to

ot]tiiitl tlic I)(IIII)ICI  I)rofilc of tltc {ratlsitio~l. ‘J’IIc  iCl II-
}W1’atlll’c  IIl(;lslll’clll( llts \\’cl’(’ ]Jcrf(,rlllcd  at tlI( SaIIIC  ]Iillc

I)llf[’cr gas })1’(’SSIIITS, (SA(II II ICaSIIrCIIICIIt corlll)risirlg of h(l
scfi  IIs SIIIIIIIICd to itll])rovc tlIc siglla 1 to ]Iois( ralio. ‘I’l Ic

KwoIIaII(Y s]m”trIIIII ol)taillcd  ill (Illis lIIaIIIICl w a s  tlIclI fit-

t e d  to a sul II of f ive Voig,Ilt  ])rofilcs, (.olrcsl)c)]lclillg to ttlc
f i v e  d(]]llil]allt ])eaks ])rcsr]lt ill ]Iatllrally ill)llll(ltillt  yllcl’-

I)iul]l, I]sillg a  (x)]l]ltl(rci:il cIIrvc fittirl S },ro~rii]II. (Isillp;

tllc l’illio of 111(’ ]Ieal{  fill OI’csccllc  C tog(’tllcr  wit]! tll(’ t(’]ll -
I)cratlllc IIl(;lslll(lllclll.s il qu(llcllill~ I’at( fol” t}l C “d~l’k”

sta{( CaII I)( (I(t(’lillill((l.

i -“””1
.+. --- ‘,),,2

2 I )3,2

2 F7,2

b’ I /2

Stca(l.!  S t a t e  flllor(s(tllc( illl(l  lcsollallc’(” S])cctl’a W(IC

ol)tai]ld for cacl I of t]lc f ive I)ufl’cr gases  cxall]itlcd  ill th is
stu(ly, IJig. 1 SII(IW tlIe fl~lorcscc]lce  III(f\SIIrCIII(IItS for  a l l
five IJufltr g a s e s ,  11 is Il(Lar f’roIII tlIc f i g u r e  tlliit NTZ i s

tlIc IIIOS(  cflicic!lt  of tlI( I)uflcr g a s e s  studie<] itl its al)i]ity
to (] IICII(’11  tll(’  “(1~11(”  Still (’. III or(l(r to ol)tai]l a IIIOrC

qualltital ivc  ]Ilc;isllr(tll[]lt of tllr itlflucllce  o f  N2 011 tlIc
. .

ytt(v’l)lulll 1o11, flllol’(w,ll(’c  \’s. t illic lIIc:Isllr(II  ICJIIts  w(r(

rcl]catc(l with Iligji(:l r(+wlut ion aII(l  at l o w e r  ]Jr(ws II I(s.

IJificc]l Ialucs o f  N2 lIICSSIIWS I)ctwccll  6,7  x 10- “ a n d
1 . 3 X 1 0 ‘3 l) ? l  W(’1”(’ 11s((1  10 st(l(ly i ts  qlle]lclli]lg, d[icacy.

IPig.  2[2) slImss a  ])aIl ial Cllcrgy level  diagralll for Y])+

iill(l 2(11)  S i l o \ ! ’ S a furtli(,r  silll])lificatioll wlIrre wc llilV(s

(w]l]l]itl(,l tlIc ~l):j/l, ~1 ):,/2, and ~lJ7/2 IIlctastal)l(’ Staks

into a sillglc “diirli” $tatc. ‘1’llis ])roc(’(lure is jllst, ific(l

sillcc tll( “ d a r k ” St:It C i s  l) I(WIIIIIC(I to lw wsultilig  frol[l

IJol)lllatioll tral)l)itlg \iil a Illcclla]listll that iIlvolvcs tllc’

1 )  statch, or tllc P Stiit(  ~vlli(ll i s  ],ol)lllatd tlIroUgll tllc
1) slatch. or tlIc cott]l)i)lai ioIl of all tlII(( s t a t e s .

(Jsillp,  t,ll~ oscillatc)l  stI(sII~tl Is alId l)rall(llillg ratios

(Illotc(l i II lJil\VCCt t iilid \t’ilsOrl [1 3] W’(, Scl u]) H t i l l ’ ((  ICVCI

rate (Jquiltiorl.



- /’(f12)fl(.f12)  ~J{2.~1 -1 /’(f12)(/(f12)~  ~(2.Af2

-1 ,42].N’~  -1 l’:+~./v:+. (1)

(J(.fl’2)u(.f12) IJ{2.MI  – /J(.f12).o(.f12 )l~{2.M2

--A21  .IV2 -- A2:+N2 (2)

A2:3.1V’2  - 1’:+1 .IIC{. (3)

.M -t .IV2 -1 .M, (4)

wII(:~c  A  all 11 ii~(~ tl](~ lI;i II StCiII cocflicicIlts, 1’:+1 i s  ttlc
quc.llcllill~  rale  of 111( “dark” state, aIId g(f12) is t,tlc

lillcsllalw fa(’lr)l givcll ilS tlIc collvollllioll”  of {Ile IJ()})l)l(r
111’(JiiCl(’llillg, lifctiltt( l)rx,adolil,~ ?rI,d tl,c laser Iitlcwidtfl.

l>awcc( 1. all(l \4~ils(Jll  qliotr (11(1 ]a(liat,ivc (Iecay IaIcs gAik,
wll(’rx g =  ~J : 1  i s  111( s t a t i s t i c a l  wcigtlt  of tl,c ul)-

]Icr I(WI. A21 = 1.189 x 10 8 and  wc s(t A2:+ =
A(4.f14(; l,21’:+i2 - )  4~’4M21z{/J -I  A(4.f146p21’:{/2 --}

4f14[)(l~l  ):)/2) =  3,38:{  x  I(Y’ -1 1.458  x  lo~ = l,79(j x

106. IIik i s  ](liit((l trj tllc  A  (xxlli(-icllt tl[rwu~]l IIIC wla-

{ioll

Iiik = -&Aik (5)

Sillc( tll( lilS(l lill(wi(ltll (W 1 Mllz) is ]JIUCII sIIIallcr tlIaII

either tlI(: lk)l)l~lc~ I)rx]a(lcllitlg (W 1  (;117,)  0] t,llc  lifc-

tilll( l)~oil(l(llillg (W 19 Ml]z) of tflc S  to 1)  tra?lsitioll

\VC >ISSIIIIIC(I  t lIC l;i S(JI’ to 1)(> ])(~l’f(Y’tl~  111[)11 C) Cll~[)lllilti  C, 1(,-
(Il]citlg  ~(fj~) to il collv(]llltioll of O n l y  tllc lifctiltlc a n d
llo])J,l(’1”  1)1’oil(l(llillp,. ‘1’11( lif(til,lc litl(wllirl)c i s  give]] I)y
tfic lorx,lltziall

wllilc tllc lk)])l)ler Illoii(lcllillg i s  Rive I)y tllc~ p,aussiall

IIcw A,fd i s  (1)(  I)o1,l)lcY fIIll width at IIalf ltlaxitllllrtl

wllicll W(> ilI’(’ :Il)lc to ol)taill tllrollgll tllc wsollal]cc flllo-
1(’s(”(!11(”(’ CIatil  fitt(d wit]l t II(> slllll of f i v e  \JOigllt  l)rofilcs

a s  l)r(~vious]y (Iiscussd (see f i g .  3), A./l( i s  tllc lif(”t,i~rl(~

widt]l atld i s  giv(vl l)y,4j2/27r. ~’ i s  tllc’  cmltcr of tllc

1)01)])1(’1” 1~1’(lil(l(’11((1 trirllsiti(]tl Wllcl( W( Ilavc  slliftc(l tlIc
origin tr, srt .f’ = ( )  aII(l a l s o  SC:{ I,IIc Ias(r fr(qll(ll(y ,f

to (w(,rlal) 111( (x:lit(r of t h i s  trallsitioll, ‘J’llrougllout t.fic

(xl)crilll(,tll tllc lil S(>l’ fr((lll(licy i s  IIlollitord lvitll tfl(! ili(l
of (,11( ytt(rl)illlll IIOIIOW” (.atllo(lc Iall]l), With f’ = ( )  alI(l

.f ❑  [) IfIC lill(slla])(  fa(tor .II(.f) = .I/ =  v(.f, .f’,A~/t, A.t~)
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F’rc(]llcmcy  (G} 17,)

1’1(;.  :{. I{ CSCJII; III(. ( S])[, (I III III of cxci(tml  y(lcrl)i(llll at
1.3 x  1 0-  “ ]’a o f  N 2 , fit t(, :1 SIIIII of  f i v e  \~oigllt  ])wli]cs  iII

(IKICI  to  ol)(airl  (}1[, (lc)[)])II,I  Ivicltl  I a t  ]Ialf ]Ilaxir[llllll  aIId l}IIIS

(11(,  t(;l[l] )(l’atlll’{,,

ill (Iquati(,lls  1  al,  d 2. Strady  stat: solu!io]ls of quatio~l

1 - 4  ]Ilay I,(’ ol)taitl((l  I)y l(ltillg .Mj ~ .Mz = .14(:3 = (1 iill(l

I)j 1( ’:111’illlgillg tllc Cqual  ions (O ~(:t

./fl’2 , ___ .V. ; ]1,(/ 1~[2 1’:+] No
(9)

p.ql~,lol’:,l - 1  A?:{) +  1131(,42]  +- /42:,)

‘J’tl(’  .AL. IOV(!I  ])(~])llliitioll  is tllc olily 011(,  of illl]mrtallcc

sitlcc t,llc  OIH~lv((l flllol(wccllcc  l e v e l  i s  directly })rOlmr-

liollal to 1 IIis I)ol)lllat ion. S e v e r a l  tilllc collsta]lts arc  IIcc-

cssaty to fit (lIC fluor[w(,llcc r i s e  and dtciiy curvrs, ‘1’lIc
i n i t i a l  lw:Ik flu(IrmcclI(Y is dolllitlatcd I)y a very f:ist ti)lt(,
(O1lstallt irl wllicll all cqllili})rillltl i s  wa(liul I)(twccri tflc

gmu]l(l SI atc })ol)ulaiioll (I(,ljlctc(l  I)y tllc laser atl(l tllc
(l(~cay  of 1 II(> 1’ Stiit(s \~iiI  [lIc  Iarious avail al)lc decay  cllall-

11(:1s. ‘J’llis lKIirl{ flllorwmrl(.c is  l)ml]ortiO1lal” t o  tllc Itlaxi-

ltlu]jl valll(~  0f.N’2 (.~~;’’a:’ ) giv(ll l)y  scttillg A2:+/1’:+1 = () ill
((lrl. 6. ‘ 1  Ilis i s  jllstifi(xl sitlc( tl[c ~atio lwt~v((rl A21 ali(l
A2:+ i s  la)gc (66:1), w}li(:ll  ill tur]l irrl])lics that tfIr ]wak

]Jo})ulati(,ll  ill Icv(I 2 is  al)]jrx)xittlatc]y  qua] (0 t,llc  steady

s(atc ]m])[llatio]l ill tllal l(s\Jel  if 1’:+~ i s  v e r y  l a r g e .  ‘J’llis is

f o l l o w e d  I,y a rrlucl[ sl(,w<r t irtlc coIlstaIlt ill w]licll fllrows-
((tl(c is  10s(. duo  to iol)s p,(ttit)g SIICIV(X1 ill(r) a Itlct,as(al)le

St at!c. ‘J’hc steady stat( l(vel lwyorld s e v e r a l  SCCOII(IS i s

(l(trr~tlirl((l t)y tll( a(’1 (1;11 Viilll[.  of l’:~1 ‘J’l Ic lll[~asard r2i-

1 io ‘R of 1 IIc steady st:it( (III(JNWC]IC( vs .  tllc })cak  IIcigtlt
i s  tllcrcf(,rc  equal to .ti:)/.M’~”a””, fmrrl wllicll wc call  dc-
l(rttlill[~ 1’:+1 a s  follows:

A  ])lot  of 1’:+1 vs. ]Jrcssilw  i s  snow]] ill P i g .  4 .  ‘1’lIc (Iata

fit w e l l  tr, a lmlyllolllial (If orxlcr.  f? Icflcctirlg  tl)(:rlllalizillg
(, fl’(xts [ 1  ,1,1 b] and  rlllll(il)l( collisioljal cflkds that IIlay
I)( l]wsc]lt We IIav(,  fit 1 tlv first scv(II (Iata l]oi))ts to a
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P r e s s u r e  ( 1 0-5 F)a)

1’1(:. 4 .  Ql,(l,ctli,,g  ra(c  (,f’y((c,l,il,l,}’s  (la], AL;,(C v s .  N2
l)llff’cr gas ] )1 ( s s (1 , ( . ‘1’l,c cIItv(d lil,c IqwstII(s a least

sqII:LIcs fit of  (11( (Iala {(, tlIc ]Iolyli(,]]]ial  1’31 :  a l ’  +  1,1)2;

ZIC :{. (i~{30.12X  104/S/ l’ililll(l” 1) E -  7.4~~j] .]5X]OC’/s/]’ii2,
\\rl)il(,  (}IC s(r:li~lll lil)(, r(,I)I(,sc,lI(s  ii li]j(al,  I(;Ls(  sc]II arcs fit ~o

]11’(,SS111’(S  < 2(i, (i X lo- F’I’  il.

s(r:(igllt lillc (() (JIJtilill ii quolclliilg I’atc  l’:~j = (3.78 +
( ) . 9 9 X  1 0 4)/ S / l  )ililt l(lW’],1’CSSIII’W  (1’< 2. G6Xlo-41’a).

‘III(! lltl(”C1’tilillt~  Corrcsjmllds  l]lil[l:lrilyt  ofllirlllatic]Ilsirl

tll[ lil S[>l’ ])owr.

IIig}lly ([ Ii(live (I(l(ll(lli)lg of l]lctasttil)lc S[iltCS  ill

ItIaIIY of” tfI(, iilk:ili-(:ii~tlls willl N2 i[s it l) IIil’(1 g~s  lIiis

lWCII  liIIowII for II IiIIIy yciirs aII(l lIas IKCII fitLril)utrd

to large cross sc(~iolls  for cl I(rgy tra IIsl K)rt lI(twIccII tlI(:

?ilkali-(:ilr(ll s’(’1(’(”tl’ollic( llcl’g~ itlto~il)ratioll:ll”  and  rOt:i-

liol]al Still(K (Iflllc llitr(y,cll Illol(x’111(  [14 16]. \4Tcl)(li(v(

tllc saltl(’ 111((’llilllislll  i s  r(wlmllsil)lc for (I(lcllcllillf,of 111(!

a l l i a l i - l i k e  sill~ly iotlizul y{t[rl)iultl ion I)y tlI(’ IN I I)uflhr
gay,,

A s  lIIC (Iat,a (lisl)li,~((l ill l’i~. 1  S1,OWW 11(,  AY  aIId  C;(J2

cxllil)ii ii collsi(lcral)ly slllill  l(’rcilicic]lcy  for(l(])lctill~  tllc

])()])(lliiti()ll o f  tlI( (la~l{ S(;IIC  FIS COIII])FiYNl  tO N2. ‘1’1](

al HclI(c (lf(lll(ll(llil lgcflicicllcy w i t h  argoII aIId IIcliulll is

IIOt sllrl)risill~sitl(-(~ tlI(J  IIol)lc~ascsdo” IIotlIavc tllcvil)r:l-
tiollill atl(l lot:iti(]ll:llstl(lctllrc  of”(liat(])llicol”  I)olyatoltlic

]IIOI(JCIII(W  a]l(l t)ll(~r(~f(~rc IIIay ()]ily collisi(lll  ally tra IIsf(~r
(IIC (l(xtrotlir cll(!rgy il]to l<il)ctic micrgy, a l) K)CCSS wit]l

a II IIICII SIII:IIICI  cross s(~(’tio]l,  A  l)nwiolls stll(ly of ytt(’r-
I)iulil ion’s “(l’iI])” S(ilt( lif’(tittlc as a function ofl)llfl’kl gas

l)IWSIIN llsill~ 11(:, N(., aII(l AI itl(li(at,((] rclaxat, ion tiItlcs

olI tllc order of IIlitlutcs vv(’11 at l)wssllws al)l]roacllillg I

1),1 [7].

11 was IIowcv(:r  sl)r])risillg  to S(C that llcitl]cr  (~()~ or

IIz w(rc  (fli(i(]lt al quol(-l)i])g  tlIc ‘ { d a r k ”  s t a t e  ]m]Iula-

tic)tl.  Ill fil(’t, wit]] tl~(ll’()~(’11  ilS 111(  I)llfl’[]’ gas  tllc fll]()-
HWCC]I((  qllickly (I(cay(d to tllc level  o f  tlIc l)ack~K)uII(l
li~llt[  lll(lC()lll(ll  l()tl)('r(  '-(` Slill)lisllc(l  c\TCll ilft(-l’C Xtl”Clll(!l~

loIIg (lark lwri(ds (W s(v(ral  lIOIIrw). ‘1’l]is WOI]I(I  irtl-
l)ly tl)at, citller tllc trail t,iltlc w i t h  llydmgcll i s  snort

or Ily(ll’op,(’11 i s  })iil’ti(’lll ;tl’ly  illcflkctual ill r((luci]lg  ttlc

2’00 r
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F“REQIJENCY  OFFSET (Hz)

1“1{;. 5. 25 111117 ral IIwy f’]i]jp,cs coIl(h])(]Tjclirlg  ((I a  20 scr-
(111(1  S(l):tl,t(i(]ll  }WIWWII 7;/? l)IIIs(,,

(I(lratioll of tllc (lark l)[rio(l. \$T( v(’rific(l that tl)c tral)

t illl( wit], lIydrogcrI  is quite lotl~ I)y W’ilitill~ scv(ra] hours,
iIfk’r i n i t i a l l y  loa(lirlg  ttl(, i(jlls, I)cforc cxl)ositlg  tl)c iO1w
to tllc UJ radiatiotl. Sitlcc lIydrwgcII i s  q u i t e  cfl’kctivc

itl (Iucllcllillg IIlctastfil)l(  s t a t e s  ill otlicr cxcitc(l ions all(l

atm,ls> [fi]4  ,17] arid 11:1s 1,((1,  Sllo,v,l  to I)c ,,cal’ly all order

of IIlagllilu(lc lrlorc C(li{i(,llt tllall IIitmgcll itl qucllcliil]g
(]IC 2]):3/:,  sliit,( ill Yl)+ [ 6 ] ,  \\,( collj((.tur(, that Illolcrlllal
forlllatio]l l)ctwccll lIyd Iog(lI atl(]  cxcitd yttcrl)iulll i(]lls

]Iiay Iw (1((.itrrill~. (10:) I)K)VUI to I)( a v(iry ill(~fl’k{ivc

l)uflkr  ~il$  yi(lditlp,  v(ry s n o r t  tra]) ti]i]cs,  tlllls l]cillg rlllc(l

(){lt a s  a ca]ldidatc l)l]ff(r  for usc ill tlI(’ ytt(’rl]iulll ion

f’lc(lN(’11(’J Stalldal’d.

A  dual (1((.ay tiltl( (tlara(tcris(ic w a s  (xllil~itcd WIICII
II(:lilltll w a s  11s((1 [Is  tll( I)llff(r p,as n{ l)wsstlr(w o f  6.7 x

10-:{ 1’:1 ;IIId gw:tt(r. A  ]lolllitlc~r I)clliivic)r  of tlIc dcciiy
l’ilt,C’ of tll( 21j:f/y  ill J’l)+ at Iligll IIc l) Icssurcs  IIas lKWI
l)rcviously  olwcrvrd  [6,1 X] iir Id (Iis(l]ss(d itl d e t a i l  ill rcf

[18].  W( also fol],(l tl,,t at very IIigli IIc }JMHur(s tl)c

tra]) tiltl( WilS glca( IV ]’((111(’(Y1 ;llld a coltll)dillg Cfkt
I)ctwcc]l  (Iurllcllitlg tll(: “(ii Irk” stat(~  aII(l loss of iotis froIll

111( tr’a])  :I])l)(vir’d to 0( ’(’111.
Si]lcc (1111 ]Ilaill ol)i(,(tiv( i s  t o  cx})loil  tll( 12.64 (;llz

l)allsitiol, I)(tw((ll tllc Iiylwrfillc  ICVCIS of tllc gmurld
stat(, of 171y11+ JVt) ])(If’l)llll~(l Il]icr(]\v;i\~(  ()}llicill  (loll-

1)1[ r(>sotl:i]lcc  s]]((tlos(f)])y llsi)l~  N2 as ii l)tlfl’(r  ~,~s ~11(1
f(lulld 110 l o s s  of COIICKTI(( ill tllc gIWUIId slat( lIyIwrfiII(

l(v(’]s dIII to t]l(: N2 ],llfkr ~~S. 111 fad WC \\’(1’( al)l(
to tt’allsl’r tllr j)ol)llliiti(,ll of tllc iotls 1)(’tW(’cll  tllc IOJVCI”

aII(l uljlwr ll~~l)(~rfillc  sttitcs over a Z5 sC(OII(l  l)crio(l  Ilsitlg
tll(’ l{:ltllscy Sq)al’at(d 11111s( tccll]li(]ue wllicll yielded a

Iirlcwi(ltl, of 20 ltlll~ (s(( {i:,. h), ((~]r(s,~(~]l(lil)g to a Ii]lc

Q  O f  6.3 x 1011.  l’ur’tllcl’lllorc, Ilitrogc]l w a s  so eflicicllt
~it (11](’]l(liiflg tllc “(lark  s t a t ( ’) tllilt \\’[’ M’(I’(} al)l(’ t o  01)-

llaiti sitlglc snot ],liotoll (,,ll]lts of 1 30,()()() almvc a 50,()()()

coulltl  l)atkgrOutId~ (.()]’l(sl)()]l(li]lg  to a sigllill-to-ll  oisc’”  ra-

4



ion  tfIK)IICII i]ltro(lll (.t. io]l” o f  N2 itlto tlIc VaCIIIIIII  syskIII.

A qlic]lclli]lp;  I:Itc of (1{.634 ().12 x 104)/s/l’:1  – (7.454
1.15X  lo~)/s/l’a~ w a s  (lf,(cr)tlillcd  })y  IIlcasurillg (fIc  Ia-

tio o f  tl)c l)(ak fliIOIUXcIIcc to tlIc stca(ly slai(: fllIOI(Y-

(’CIIC(! 1(’\’(’l of lliltlll’illl~ al)llll(la]lt  yttcrl)iu]]l  i r r a d i a t e d

willl 32911TII ra(liatioll. \Vc fou]l(l  II() l o s s  o f  ion  COIICNIIC(J

(IIIC to lIIC ]) IY:S(>IIC.C  of ]Iitrogc]l a]Id were alIlc  10 coo]
tllc io)l (CIII])(I:I(III{ dowII to 600” kclvills. ‘J’llis  a])]) KmclI

})rovi(l(w  a sitllj)]c  sollltiotl”  to tllc ]) N) II I(lII (If])()])lllatioll

tra])})illg,  aII(l cIIal)lcs tllc realization  oflll(:fltll I)otmltial

of ytt.crl~iolll  ilS ll]c activ(>  i(~tl ill a tral)l)c(l io]l frc(lucllcy

St:lll(lill’(1.

‘1’llisw)rk \VilS(?l~l’i(Y I  out  a t  tfl( Jet l’rol)ulsi(~l) l,al)-
(11’iltol’y,  (;alifor]li:l Itlstitlltc of ‘J’(x.llllolog,y, Ull(l(r  a coll-
tIii(. { with  tfl( Niili(]]l ii I A()()]]ii~lti(:itl[l  SlmccAd]llillis-
tratioll.
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